Pressure-induced melting of the orbital polaron lattice in Lai.xSrxMnOs 



R. Klingeler,i'EI J. Geck,^ S. Arumugam,!'^ N. Tristan,^ P. 
Reutler,^'^ B. Biichner,^ L. Pinsard-Gaudart,'^ and A. Revcolevschi^ 

' Leibmz-Institute for Solid State and Materials Research IFW Dresden, 01171 Dresden, Germany 
'^High Pressure Low Temperature Lab, School of Physics, 
Bharathidasan University, Tiruchirappalli - 620024, India 
^ Lahoratoire de Physico-Chimie de I'Etat Solide, Universite Paris-Sud XI, 91405 Orsay Cedex, France 

(Dated: February 6, 2008) 

We report on the pressure effects on the orbital polaron lattice in the lightly doped manganites 
Lai-xSrxMnOs, with x ~ 1/8. The dependence of the orbital polaron lattice on negative chemical 
pressure is studied by substituting Pr for La in (Lai_zPrz)7/8Sr]^^gMn03. In addition, we have stud- 
ied its hydrostatic pressure dependence in (Lao.9Pro.i)7/8Sri/gMn03. Our results strongly indicate 
that the hopping t significantly contributes to the stabilization of the orbital polaron lattice and 
that the orbital polarons are ferromagnetic objects which get stabilized by local double exchange 
processes. The analysis of short range orbital correlations and the verification of the Griineisen 
scaling by hard x-ray, specific heat and thermal expansion data reinforces our conclusions. 

PACS numbers: 75.47.Gk, 74.62. Fj, 71.30.+h, 75.40.Cx 



I. INTRODUCTION 

The observation of a ferromagnetic insulating phase in 
the low-doped manganites Lai_xSrxMn03 with x ~ 1/8 
raised a large number of stu dies aimed to explain the 
properties of this phase (e.g. Il|2!l3|10). Several studies 
have shown that charge and orbital ordering phenomena 
are crucial to understand the obvious contradiction to the 
bare double exchange (DE) model, which predicts metal- 
lic behavior in case of ferromagnetic spin order. Recently, 
resonant x-ray diffraction succeeded to detect the forma- 
tion of an orbital polaron lattice (OPL) at low tempera- 
tures, which unifies ferromagnetic and insulating proper- 
ties in a natural way. It was suggested that local charge 
hopping processes contribute significantly to the stabi- 
lization of the orbital polarons. Further support for this 
conclusion was found in a recent thermodynamic study 
which proved the magnetic DE energy to be crucial for 
the stabilization of the OPL.^ 

The substitution of La by smaller Pr, i.e. the appli- 
cation of chemical pressure, provides a direct route to 
influence the balance between the various couplings that 
stabilize the OPL in the FMI phase. More specifically, 
Pr doping causes an increase of the octahedral tilt an- 
gles, thereby reducing the Mn-O-Mn bond angles and 
the hopping term t. It is well known that this structural 
change dramatically alters the relative stability of differ- 
ent possible phasesiii In particular, metallic phases with 
delocalized charges are suppressed upon decreasing t. 

In contrast to the application of negative chemical 
pressure, where different samples with different amounts 
of Pr are studied, hydrostatic positive pressure effects can 
be studied on a single particular compound. Here, we 
present data on the doping dependence of the ordering 
phenomena in (Lai_zPrz)7/8Sri/8Mn03, with y—0, 0.1, 
0.25, 0.5, 0.75, and on their hydrostatic pressure depen- 
dence in (Lao.9Pro.i)7/8Sri/gMn03. Our data imply that 
the OPL phase is stabilized by hydrostatic pressure, i.e. 



upon increasing the charge mobility t. Whereas, appli- 
cation of negative chemical pressure yields the opposite 
results. The verification of the Griineisen scaling and 
the analysis of short range orbital correlations reinforces 
our conclusions. Our study hence clearly confirms the 
microscopic OPL model. We mention that recently fer- 
romagnetic correlations have been found in the charge 
stripe ordered phase of Lai.67Sro.33Ni04, which might 
be due to local DE, too>i^ The application of chemical or 
external pressure might hence also affect the ferromag- 
netism in the doped nickelates as it is well known in the 
low-doped manganites. 

II. EXPERIMENTAL AND RESULTS 

A. Experimental 

We report on measurements of the magnetisation, the 
specific heat, the thermal expansion, and on high en- 
ergy x-ray diffraction data of (Lai_yPry)7/8Sr]^/8-'^'^03 
single crystals in external magnetic fields up to 16 T. 
The experiments were carried out on single crystals, with 
j/=0, 0.1, 0.25, 0.5, 0.75, grown by the fioating zone 
mcthodJi^i The magnetisation M{B) was measured with 
a SQUID and a vibrating sample magnetometer. Mag- 
netization measurements under hydrostatic pressure were 
performed in the temperature range 4.2 - 350K using an 
MPMS SQUID magnetometer (Quantum Design) and a 
miniature piston-cylinder pressure cell made of Cu-Be al- 
loy (PSM 100, Tetcon International). Silicon oil was used 
as the pressure transmitting medium. Constant magnetic 
fields of 0.05 T in the temperature region 50 - 250K and 
of 0.5 T were used in the temperature range 250 - 350 K 
for all measurements under pressure. The pressure at low 
temperature was determined by the pressure dependence 
of superconducting transition temperature of high purity 
Pb placed with the sample. 
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FIG. 1: Phase diagram of (Lai_zPrz)7/8Sr]^/gMn03, based on 
x-ray powder diffraction as well as magnetization and resis- 
tivity measurements. The suppression of the orbital polaron 
lattice upon Pr doping, i.e. absence of the corresponding 
superstructure reflections, has been verifled by high energy 
x-ray diffraction. Tjt and Tco denote the transition tem- 
peratures between the indicated phases. (PMI: paramagnetic 
insulating; FMI: ferromagnetic insulating; FMM: ferromag- 
netic metallic) 



The specific heat Cp was measured using a high reso- 
lution calorimeter. Here, we have applied two different 
quasi-adiabatic methods, continuous heating and heating 
pulses.^ For the thermal expansion studies we applied a 
high resolution capacitive dilatometerii Hard x-ray data 
have been measured at the beamline BW5 at the HASY- 
LAB, Hamburg. For experimental details see Ref. i2t 



B. Pressure dependence of orbital order in 

(Lai_yPry)7/8Sri/gMn03 

The phase diagram of (Lai_zPrz)7/gSri/8Mn03 as it is 
presented in Fig. ^ was established by measurements of 
the magnetization, the specific heat, the electrical resis- 
tivity, and by x-ray diffraction data. For y = Q, several 
ordering phenomena are observed upon cooling. At Tjt 
— 270 K , a cooperative Jahn-Teller effect evolves, and 
ferromagnetic spin occurs at Tq = 183 K. Eventually, the 
ferromagnetic insulating phase exhibiting the orbital po- 
laron lattice is realized below Tco = 150 K. Upon Pr 
doping, i.e. by applying chemical pressure, all ordering 
temperatures significantly change. (1) The orbital po- 
laron lattice is rapidly suppressed upon Pr doping. Al- 
ready for y = 0.1 the orbital polaron lattice is consid- 
erably destabilized, while it is completely suppressed for 
y = 0.25. (2) Tq is suppressed, too, but the effect on 
the ferromagnetic spin ordering is less than on Tco- (3) 
Tjt increases upon Pr doping, i.e. the cooperative Jahn- 
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FIG. 2: (a) Magnetization vs. temperature, at different mag- 
netic flelds up to 14 T, of (Lao.9Pro.i)7/8Sri/8Mn03. Tc and 
Tco label the onset of ferromagnetic spin ordering and the 
OPL phase at Tco . (b) Field dependence of Tco as extracted 
from the magnetization data. 



Teller distortions are stabilized. 

In Fig. [2Ia) we show the effect of the spin 
and the orbital ordering on the magnetization of 
(Lao.gPro.i)7/8Sri/8Mn03, under various applied mag- 
netic fields up to 14 T. The effect of the magnetic field on 
the OPL phase is also illustrated by Fig.|2Ib) which dis- 
plays the field dependence of Tco • At low temperatures 
the ferromagnetic OPL phase is realized. Upon heat- 
ing, the orbital polaron lattice melts at Tco — 110 K, 
at which the transition is associated with a kink in the 
magnetization M{T). This kink is visible in Fig.l^fa) e.g. 
at B = 0.5 T. The measurements in different magnetic 
fields imply that Tco increases by 22 K upon application 
of _B = 14 T [see Fig. I^b)]. A similar behavior was ob- 
served for La7/8Sri/8Mn03 (see Fig. 6 of Ref. When 
the temperature is further increased, the ferromagnetic 
spin order vanishes at Tc — 168 K, and the structural 
Jahn-Teller phase transition is observed at Tjt — 296 KiS 

In order to study the effect of (positive) hydrostatic 
pressure on the orbital and spin ordering phenomena, we 
studied the temperature dependence of the magnetiza- 
tion of (Lao.9Pro.i)7/8Sri/8Mn03 single crystals at vari- 
ous hydrostatic pressures up to 0.82 GPa [see Fig. ISJa)]. 
The data show the increase of the magnetization in the 
ferromagnetic metallic (FMM) and in the ferromagnetic 
OPL phase upon application of external hydrostatic pres- 
sure, whereas there are only minor pressure effects on 
the paramagnetic phase at T > Tc. From the data 
in Fig. |31[a), we have derived the pressure dependencies 
of the ordering temperatures Tco, Tq and Tjt, respec- 
tively, which are displayed in Fig. ^ The data show that 
Tco and Tc increase upon applying hydrostatic pressure, 
whereas Tjt becomes smaller. Thermodynamically, this 
behavior is in accordance with the fact that the volume 
of the unit cell shrinks at the Jahn-Teller transition and 
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FIG. 3: (a) Magnetization vs. temperature at different exter- 
nal hydrostatic pressure {B = 500 G). (b) Derivative dM/dT 
for lowest and highest applied pressure. 



increases at Tq and Tco^ 

The fact that both the magnetization below Tc down 
to 50 K and Tc itself increase as a function of pressure 
is well understood in the framework of the DE model. 
Enhancement of Tc under hydrostatic pressure is a com- 
mon trend of perovskite manganites, whereas in the sin- 
gle layered manganites uniaxial pressure is necessary to 
affect the spin ordering phenomena significantly.^-'-- In 
the case of (Lao.9Pro.i)7/8Sri/gMn03, the hydrostatic 
pressure yields an increase of t, thereby stabilizing the 
EMM ordered phase by enhancing the mobility of the 
charge carriers via the DE. Remarkably, the hydrostatic 
pressure dependence not only of Tq but also of Tco is 
positive. This observation proves the important role of 
the charge hopping t and the DE for the stabilization of 
the OPL. The comparison of the magnetic field and the 
hydrostatic pressure effect on Tco suggests that the ap- 
plication of _B = 5.6 T is approximately equivalent to the 
application of 1 GPa pressure. 

At ambient pressure, the structural phase transition to 
the co-operative Jahn- Teller-distorted phase occurs close 
to room temperature, i.e. Tjt — 296 K, for y = 0.1. 
Under applied hydrostatic pressure, i.e. if the hopping 
parameter t and hence the charge mobility is increased, 
the cooperative JT distorted phase becomes suppressed 
and the dynamic JT phase is stabilized. These effects 
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FIG. 4: Hydrostatic pressure dependencies of T!jt, Tc and 
Tco , as extracted from the magnetization data in Fig. |21 



are just opposite to the chemical pressure effect upon Pr 
doping (y=0.1) at the La site. Note, that the effect of 
destabilization of the cooperative JT phase and stabiliza- 
tion of dynamic JT phase is observed in Lai-xSrxMnOa 
under applied magnetic field, toor 

A striking feature of our data is that, at high pres- 
sure, Tco increases faster than Tq under pressure. This 
means that changes of t influence the OPL phase more ef- 
fectively than the EMM phase, i.e. the DE promotes the 
OPL even more efficiently than the EMM phase. Easter 
increase of Tco than Tq was reported under pressure in 
the low-doped regime around x — l/8ii^ Eor small exter- 
nal pressure, however, the effect on Tco is similar to that 
on Tc , which agrees with the Griineisen scaling presented 
in Sec.lnDl 



C. Doping dependence of the OPL phase 

The experimental data presented in the previous sec- 
tions show that chemical (i.e. negative hydrostatic) pres- 
sure due to the substitution of Pr causes the destabi- 
lization of the OPL phase in Lay/gSri/gMnOa, whereas 
positive hydrostatic pressure yields the opposite effect. 
We have shown experimentally that the hopping t signif- 
icantly contributes to the stabilization of the OPL. This 
fact provides a natural explanation for the absence of the 
OPL in the EMI-phase of hghtly doped Lai_^Caj;Mn03 
and Pri_2,Caa;Mn03, where t is reduced due to the 
smaller Pr and Ca sites. Eor these systems there is evi- 
dence that a EMI and cooperative Jahn- Teller distorted 
phase exists, which corresponds to the low temperature 
phase of (Lai_zPrz)7/8Sri/8Mn03 with y > 0.25. 
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FIG. 5: Comparison between the temperature dependencies 
of the magnetization measured in an external field of 0.5 Tesla 
and the intensities of the superlattice reflections determined 
by HXS for x = 0.11, 1/8 and 0.14. The data sets have been 
normalized to the respective low temperature values. The 
superlattice reflections only occur, if the normalized magne- 
tization increases above 0.75 (gray lines). 



The relevance of the charge hopping t for the stabiliza- 
tion of the OPL in Lai.xSrxMnOs is further supported 
by the measurements shown in Fig.[Sl In this figure, 
the temperature dependencies of the magnetization mea- 
sured in an external field of 0.5 Tesla and the intensities 
of the superlattice reflections measured by high-energy x- 
ray diffraction are compared for x = 0.11, 1/8 and 0.14. 
The magnetic entropy in the FMM-phase between Tq and 
Tco decreases with increasing doping level; i.e. the mag- 
netic disorder in this phase is largest for x — 0.11 and 
decreases towards x — 0.14. According to the double 
exchange (DE), the charge hopping in the FMM-phase 
of Lao.ggSro.iiMnOa is considerably suppressed, as the 
magnetic disorder is large. At the same time, the inten- 
sity of the superstructure reflection corresponding to the 
OPL vanishes completely in the FMM-phase [Fig.|3fa)] 
of this compound. The increase of the strontium doping 
to a; = 1/8 leads to a reduction of the magnetic dis- 
order in the FMM-phase as compared to the x — 0.11 
sample. In this case, the superstructure refiection corre- 
sponding to the OPL is already observed in the FMM- 
phase [Fig.lSJb)], revealing the presence of short range 
OPL order in the FMM-phase of Lar/gSri/gMnOs. Sim- 
ilarly, the HXS-measurements on Lao.86Sro.i4Mn03 indi- 
cate the presence of short range OPL correlations above 
Tco, too [cf. Fig.EIc)]. 

A remarkable observation concerns the temperatures 
which mark the onset of the short range correlations. 
As indicated in Fig. [SI the onset of the short range cor- 
relations in the samples with x = 1/8 and x = 0.14 
corresponds in both cases to the temperature where the 
magnetization reaches about 75 % of its saturation value. 
For X = 0.11, the magnetization never reaches the 75% 
value (gray horizontal line in Fig.EJ in the FMM phase 
of X = 0.11; i.e. the magnetic disorder is too large to 
allow for the short range OPL order. 
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FIG. 6: (a) Thermal expansion coefficient and (b) specific 
heat anomaly of La7/gSri/gMn03. 



D. Griineisen scaling for La7/gSri/8Mn03 

The results presented above clearly show that the for- 
mation of the OPL phase and of the FMM phase is 
based on a common energy scale which is given by the 
hopping parameter t. Hence, the pressure dependen- 
cies of the relevant energy scale for the ordering phe- 
nomena must agree, since it is the same energy scale. 
This can be checked experimentally by the verification of 
the Griineisen scaling, i.e by measuring the anomalous 
contributions to the specific heat Cp and to the thermal 
expansion coefficient a. If the Griineisen scaling is ful- 
filled, both quantities are proportional. Quantitatively, 
the Griineisen relation reads 



1 aine 



V dp 



(1) 



with e being the relevant energy scale of the respective 
ordering phenomenon, i.e. in the case at hand e — e(i). 
We hence studied the specific heat and the thermal ex- 
pansion coefficient of Lar/gSri/gMnOs. From both data 
we subtracted the phonic contribution, which was esti- 
mated from the specific heat data as is explained e.g. in 
Ref. 0. The resulting anomalous contributions to the 
specific heat and to the thermal expansion are shown 
in Fig. 13 As has been shown earlier^'^, the formation 
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FIG. 7: Temperature dependence of the orthorhombicity a/c 
and of the anomalous entropy changes for Lai-xSrxMnOa, 
with X — 0.11 and x = 0.14. For comparison, the integrated 
data of Fig.|ni i.e. the anomalous length and entropy changes 
for X — 1/8, are also shown. Full (open) triangles mark Too 
(Tc). 

of the FMM phase causes a jump of the specific heat 
at Tc and a large peak is associated with the onset of 
the OPL phase at Tco- In addition, there is a regime 
of anomalous entropy changes at Tqo < T < Tc- All 
these features are visible in the thermal expansion data 
in Fig. IHIa), too. There is a peak at Tco, a jump at Tq 
and a regime of anomalous length changes in the whole 
FMM phase. The data hence clearly prove very similar 
temperature dependencies of Cp and a. This observation 
implies that both ordering phenomena at Tco a-nd at Tq 
have the same pressure dependence, which reinforces our 
conclusions drawn above. In addition, this is also true 
for the entropy changes in the whole temperature regime 
Tco < T < Tc. 

This conclusion does not only hold for 



Lay/gSri/gMnOs but also for x = 0.11 and 0.14. 
This is illustrated by Fig. [7| which shows that the 
Griineisen scaling is valid in its integral form for these 
compositions. The figure presents the temperature 
dependencies of the orthorhombicity a/c and of the 
anomalous entropy changes AS — J Cp/TdT. 

III. CONCLUSION 

Our results show that charge hopping processes 
are essential to stabilize the OPL in Lai.xSrxMnOs. 
However, since the OPL leads to macroscopically insu- 
lating behavior, these hopping processes take place on 
a local scale, i.e. within the orbital polarons. To be 
more specific, the orbital polarons are ferromagnetic 
objects which get stabihzed by local DE processesiii 
The pressure effects enhance the local DE processes by 
increasing t and hence lead to the stabilization of OPL 
at low temperature. The magnetic disorder and the 
suppression of the orbital polaron lattice created by the 
Pr (?;=0.1) doping is counterbalanced by the external 
pressure for stabilizing the orbital polaron lattice at low 
temperatures. Our analysis of the short range orbital 
correlations and the verification of the Griineisen scaling 
reinforces our conclusions regarding the relevance of t 
and DE for the formation of the OPL. 
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